We performed an experimental study to determine the pixel recovery time of various Multi Pixel Photon Counters (MPPCs) in order to characterize their rate capability and double-hit resolution. The recovery time constant and its dependence on the operating voltage has been evaluated by measuring the photosensor response to two consecutive laser pulses with varying relative time differences of a few ns (2 -3 ns) up to some 100 ns using a waveform analysis technique. A Monte Carlo simulation tool is being developed to model the MPPC recovery process and interpret experimental data. In this context, the influence of after-pulsing, cross-talk and dark-noise on the recovery process can be studied.
Introduction
The Silicon Photomultiplier (SiPM) is a semiconductor photodetector which consists of multiple pixels of Avalanche Photodiodes working in Geiger-mode (G-APD). The SiPM response is determined by numerous effects such as after-pulsing, cross-talk, dark-noise or the pixel recovery time, the latter being directly related to the performance of the photodetector in high rate environments present in modern particle physics experiments.
In order to characterize the SiPM rate capability and double-hit resolution we performed an experimental study to determine the pixel recovery time for various SiPMs manufactured by Hamamatsu Photonics K.K. (HPK), which are called Multi Pixel Photon Counters (MPPCs). We tested three MPPCs with 25 × 25 µm 2 , 50 × 50 µm 2 and 100 × 100 µm 2 pixel size (S10362-11-025U, -050U and -100U) and evaluated the recovery time and its dependence on the operating voltage. All sensors have a sensitive area of 1×1 mm 2 . The main parameters of all tested devices are summarized in Table 1 .
The MPPC is also the most promising device for photon detection in the AMADEUS trigger system [1] . The AMADEUS experiment [2] is planned to be installed inside the KLOE detector at the DAΦNE collider of LNF-INFN [3] . Constraints such as limited space and the need to operate the detectors in a magnetic field favor the use of SiPMs. The detector system is located very close to the beam pipe and will be exposed to a very high rate shortly after the e + /e − injection. Therefore, an overall rate capability is required. A charged kaon decay-mode tagging to distinguish K + and K − is crucial to suppress the background, as done for π + /π − separation described in Ref. [4] . In this context, a good double-hit resolution is essential. The determination of the recovery time can give information about the applicability of the MPPC for this experiment.
Measurements of the MPPC recovery time are also recorded in Ref. [5] and Ref. [6] , where the recovery time constant has been extracted by studying after-pulsing and dark-noise, i.e. by recording the amplitude of the after-pulse and the corresponding time it occurs after the initial breakdown. As reported, the method is limited to time differences between after-pulse and initial pulse > 10 ns. This standard method is in contrast to the one presented here, which represents a direct measurement of the recovery time by using two real incident light pulses with a defined time difference (down to 2 ns) to determine the recovery curve and is therefore a more realistic situation.
Experimental Technique and Setup
The basic building block of the G-APD is a p-n junction operated in reverse-bias mode at a certain voltage V BIAS (typically a few Volts) above the breakdown voltage V BR in series with a quenching resistor (R Q ) to terminate the self-sustained avalanche. The difference between bias voltage and breakdown voltage is usually referred to as over-voltage V OVER = V BIAS − V BR .
The creation of an electron-hole pair results in a discharge of the junction capacitance C J and a drop of the voltage across the junction with a characteristic time constant τ 1 and a subsequent recovery with a time constant τ 2 = R Q × C J . Since τ 2 is usually much larger than τ 1 the output current pulse has the typical asymmetric shape and the time constant τ 2 can be used to estimate the pixel recovery time τ R of the device (τ R ∼ τ 2 ). This is however only an approximation since the values for the capacitances and resistors can vary and are depending on the operating conditions such as temperature and voltage. In addition, noise effects lead to deviations from the ideal pulse shape. Typical values are R Q ∼ 150 kΩ and C J ∼ 20 − 350 fF, resulting in an expected recovery time constant in the range of some ns up to a few 10 ns depending on the pixel size.
The recovery time constant can be evaluated by studying the MPPC response to two consecutive laser pulses with a varying relative time difference of a few ns (2 -3 ns) up to some 100 ns (1 -2 µs). Using such a technique there are in general two different ways to determine the recovery time. Illuminating only one certain pixel of the photosensor to determine the recovery time of this single pixel or illumination of all pixels to evaluate the recovery time of the whole sensor, i.e. the average of the recovery times of all pixels. Focusing the laser beam onto a single pixel is rather difficult and therefore the second method was chosen. Therefore the light intensity of each pulse must be high enough to illuminate all the pixels of the sensor and the pulse width should be small compared to the MPPC recovery time. The intensity was estimated before data taking by using a PIN photodiode to ensure full illumination.
The measurements were performed using a blue (404 nm) pulsed laser with 32 ps pulse width (FWHM). The signals of the photosensor were not amplified and were recorded directly with a waveform digitizer from CAEN with 5 GHz sampling rate. Because of the large MPPC signals due to full illumination it was not needed to use a pre-amplifier, which anyway has a limited dynamic range. As a consequence, the impact of the electronics on the measurement results was reduced to a minimum. All measurements were done at room temperature (∼ 25 • C). In order to compensate for small temperature variations during measurements the temperature dependence of V BR has been considered. At the AMADEUS experiment the MPPCs will also be operated at room temperature.
The two pulses were generated by splitting the laser signal (short and long path), delaying one of the signals and merging them again. The delay of the second pulse was either done with multiple reflections using mirrors (up to 5 ns) or for larger delays (up to 1 µs) by coupling the light into optical fibers of different length (1 m to 200 m). Even larger time intervals between the two pulses could be realized without delay but simply by tuning the repetition frequency of the laser (10 Hz to 1 MHz). Using these three techniques we were able to cover a wide delay time range. However, the most interesting delay time region to measure is below 1 µs, so above the maximum repetition rate of the laser. Therefore, most of the measurements were done using mirrors or fibers, respectively, while fixing the laser frequency to 1 kHz. The mirrors were especially needed to provide short delay times to investigate the double-hit resolution and its limits. The measurement setups are shown schematically in Fig. 1 . 
Data Analysis and Interpretation
In order to extract the recovery time constant the data were interpreted by performing a full waveform analysis. The procedure to extract the recovery time from the measured recovery curve, i.e. the relation between fraction of recovery and time difference (delay) of two consecutive light pulses, for a specific MPPC and fixed over-voltage is explained in the following.
Firstly a template waveform used for fitting the data is created. Therefore the second (long) path is disconnected (fibers) or blocked (mirrors), respectively, resulting in a single output pulse as indicated in Fig. 2 . Then the long path is reconnected or unblocked while the short path gets interrupted. In the following, each single event is fitted by shifting (vertically and horizontally) and scaling the template waveform obtained before (see Fig. 3 ), resulting in three fit parameters. Finally the short path is reconnected and the obtained double pulse is fitted by adding a second template function properly scaled and shifted, which results in two additional parameters. In the example shown in Fig. 3 , the second pulse is delayed by 5.5 ns using a fiber of 1 m length. Steps two and three are applied to 1000 events using the same template function to obtain average values and corresponding errors of pulse amplitudes and delay time. In the next step, the recovery fraction is estimated by determining the reduction of the second pulse, which is estimated by comparing the amplitude of the single pulse when the first (short) path is blocked and the amplitude of the decomposed second pulse. The procedure is then repeated for different delay lengths in order to obtain the recovery curve and finally extract the recovery time constant of the MPPC. The template function has to be redefined only when changing the photosensor or the over-voltage.
The recovery curves of the MPPC with 50 µm 2 pixel size are shown in Fig. 4 for different operating voltages. For low bias voltages (V OVER ≤ 1 V) the influence of noise effects is very small The figure on the left shows the signal when the short path is blocked (single pulse), the plot on the right indicates the signal when both paths are connected. In each case the signals are fitted using a template function, which is scaled by a factor and shifted horizontally and vertically. and the recovery curves can be fitted with a simple function of the form
which describes the recovery with the time constant τ R . For a larger gain the MPPC response is influenced by a multitude of effects and thus the analytical description of the recovery process is rather difficult. However, from the measured curves we can still extract the time needed to achieve a certain fraction of recovery, as indicated in the plots.
Results and Discussion

Recovery Time and Rate Capability
The results of the measurements are summarized in Table 2 for the three tested MPPCs. The measured time constants are compared with the simple approximation τ R ∼ R Q × C J . The obtained values for the RC time constants roughly agree with the measured recovery times. It is interesting MPPC type S10362-11-100U S10362-11-050U S10362-11-025U
Over-voltage (V OVER ) + 1.0 V + 1.7 V + 1.0 V + 2.0 V + 2.6 V + 1.0 V + 2.0 V + 4. Table 2 : Recovery time constants for the tested MPPCs operated at different bias voltages. The time differences between two light pulses (∆t) needed to achieve a certain fraction of recovery have been extracted from the recovery curves. The error on ∆t values is about 10 %. The recovery time constant (τ R ) can be obtained by fitting the recovery curves measured at low bias voltage, i.e. low gain.
to notice that the recovery is substantially prolongated when increasing the bias voltages, which is due to the rapid increase of the cross-talk and after-pulse probability, respectively, as well as dark count rate, as reported in Ref. [7] . At moderate operating voltages (V OVER ≤ 1 V) the times needed for full recovery (100 %) are in good agreement with the values given by Hamamatsu. We obtain values of about 200 ns for the 100U MPPC device, 50 ns in case of the 050U sensor type and 20 ns for the 025U pixels. In the data sheets values of 100 -200 ns, 50 ns and 20 ns are stated for the respective devices. Thus the maximum rate capability can be estimated to about 5 MHz, 20 MHz and 50 MHz for 100U, 050U and 025U devices operated at moderate bias. It has to be noted that one should confirm in a separate measurement if the MPPCs can really be operated continuously at such high rates. However, the values suggest that especially the small pixel devices (small C J ) can stand substantially higher rates than standard PMTs, which can be operated usually up to rates in the order of 1 MHz.
Double-hit Resolution
Using a technique of reading out the MPPC signals with a fast waveform digitizer we could resolve two adjacent light pulses down to about 2 ns and 3 ns delay between pulses with the 025U and 050U devices, respectively, which can be seen as the limit of the double-hit resolution of these sensors. In this regime the fraction of recovered pixels is about 30 %. Fig. 5 shows a double pulse measured with the 050U sensor type operated at 2 V over-voltage and illustrates that the two pulses with a time difference of about 3.5 ns can be clearly separated. In general one can say that small pixel sizes (small C J ) lead to fast recovery and short pulse width and therefore improved double-hit resolution.
Conclusion and Outlook
The recovery time of Hamamatsu MPPCs has been determined by measuring the sensor response to two consecutive laser pulses and applying a waveform analysis technique. In this context, the maximum rate capability and double-hit resolution of the photodetectors could be estimated. It was shown that small pixel devices with 25 × 25 µm 2 pixel size operated at moderate bias could potentially stand rates up to 50 MHz and could be used to identify signals separated by only 2 ns. For large pixels it was found that these values degrade by about a factor of 10. For higher operating voltages (V OVER > 1 V) the MPPC recovery is substantially prolongated due to the increasing influence of cross-talk, after-pulsing and dark-noise, resulting in times needed for full recovery up to 2 µs.
In order to better describe the SiPM recovery process a Monte Carlo simulation tool is being developed. The simulation is going to be compared to experimental data to extract the recovery time constants and to study the influence of the individual parameters determining the SiPM response. In the simulation, the bias voltage (gain) recovery is described by an exponential recovery with the time constant τ R . After-pulsing is characterized by an after-pulse probability P AP and a time constant τ AP . Cross-talk can be described using a cross-talk probability P CT and the dark-noise is given by the dark-count rate DCR. All the simulation parameters are determined by fitting the data points. First results are in good agreement with experimental results and show almost no dependence of the recovery time constant on the operating voltage, as also reported in Ref. [6] .
